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Analyze resource constraints. Guide technology innovation. Target decarbonization solutions.



Solving the Clean Energy Challenge

Davis et al., Net-Zero Emissions Energy Systems. Science, 2018.
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Blackouts are deadly and electricity reliability is key

Hundreds died during the 
Texas winter storm power 

crisis in Feb 2021.

Backup 
reserve (%) 

How do we plan
electricity systems that 

dependably meet demand 
today?

Backup reserves of 
dispatchable fossil or

firm nuclear generation.
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Within 100% carbon-free mandates, 
many states have wind and solar 
capacity requirements.

By midcentury, many states and territories aim to
dramatically increase wind and solar capacities.

Transition from 
dispatchable to 
variable electricity
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Load-following electricity is a difficult-to-decarbonize sector

Davis et al., Net-Zero Emissions Energy Systems. Science, 2018.

“difficult-to decarbonize” 
sectors without a mature 
technological substitute

Load-following 
electricity

12% of global 
emissions 
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Wind and solar are variable and unreliable

Shaner et al., Geophysical constraints on the reliability of solar and wind power in the United States. EES, 2018.

Wind and solar resources vary 
over daily, seasonal, and inter-

annual timescales

Reliability requirement for 
resource adequacy is that 
lost load shall not exceed
“one hour in a decade”

North American 
Electric Reliability 
Corporation
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Wind and solar constraints guide energy storage opportunities

Energy storage 
opportunity

Wind and solar
constraints

Droughts and 
seasonal lulls

Extreme
weather years

Multi-year & seasonal 
storage functional roles

Large volumes of
low-cost energy storage

Rinaldi, Dowling et al., ES&T, 2021.

Curtailed (wasted) 
electricity

Ruggles, Dowling et al., APEN, 2024.

Low-efficiency
energy storage

Dowling et al., Joule, 2020.

Dowling et al., EREN, 2024.

Li*, Virgüez*, Dowling* et al., ES&T, 2024.

Dowling et al., ACS Appl Eng Mat., 2024.

Ruggles, Virgüez, ...,
Dowling et al., APEN, 2024.
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Multi-day 
wind lull

Multi-day 
wind lull

Wind and solar constraints guide energy storage opportunities

Figure: J. Dowling 8U.S. aggregated data 
with perfect transmission



Multi-day 
wind lull

Curtailed (wasted) 
electricity

Multi-day 
wind lull

Low-efficiency
energy storage

Multi-day
energy storage

Wind and solar constraints guide energy storage opportunities

Figure: J. Dowling 9U.S. aggregated data 
with perfect transmission



Various technology options may provide load-following electricity

Long-duration
energy storage

Clean firm power

Sector coupling

Dowling et al., Role of Long-Duration Energy Storage in 
Variable Renewable Electricity Systems. Joule, 2020. 10



Li-ion battery 
storage

Salt Cavern 
Storage

Solar

Proton-Exchange 
Membrane (PEM) 

Electrolyzers

PEM
Fuel Cells

Wind

Energy 
Storage

Electricity Generation Electricity Load

Electric 
Power

Curtailment

Time Series 
Data

Technology 
Power 

Component

Technology 
Energy 

Component

Key

Demand

Inputs:
• Current technology 

metrics and costs
• Historic wind, solar 

and demand data
Least-cost optimization:

• Constrains demand to 
be 100% satisfied at 
all hours only by wind, 
solar, and storage

• Objective function 
minimizes overall 
system cost

• Solve for capacity and 
hourly dispatch of 
each technology with 
perfect foresight

Primary Tool: Macro-Energy Model

Hourly, multi-decadal weather data  
(Capacity factors, 1980-2017, MERRA-2 )

Hourly, imputed demand data
(EIA, 2015-2017) 11

Weather-focused Single-Node Capacity Expansion Model



Future work: Multi-nodal PyPSA-USA

12

For example: What is the tradeoff between spatial and temporal resolution 
in capturing rare weather events like wind droughts?

But for now, in this talk, we’ll focus on the value of including multi-decadal weather data 
and show how sensitive the results are to it even in a single-node model.
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Table 3. Hydrogen energy storage and conversion technology options. Assumptions from Hunter et al [7] unless otherwise noted.

Power-to-H2 H2 storage H2 storage H2 storage H2-to-power H2-to-power H2-to-power

Technology

description

PEM

electrolysis,

compression

Under- ground

salt cavern

Above- ground

tank

Under- ground

depleted

reservoir

Stationary

PEM fuel cell

Molten carbonate

fuel cell

Combustion

turbine, 100%

H2, (for 2050)

Technology type Conversion

(produce H2)

Storage (of H2) Storage (of H2) Storage (of H2) Conversion

(consume H2)

Conversion

(consume H2)

Conversion

(consume H2)

Capacity (fixed)

cost type

Power

capacity

($ kW−1)

Energy capacity

($ kWh−1)

Energy capacity

($ kWh−1)

Energy capacity

($ kWh−1)

Power capacity

($ kW−1)

Power capacity

($ kW−1)

Power capacity

($ kW−1)

Capacity (fixed)

cost

1706 2.0 15 [38, 39] 0.038 [39–42] 1415 4600 1000 [12]

Project life

(years)

30 30 30 30 30 30 30

Discount rate 0.07 0.07 0.07 0.07 0.07 0.07 0.07

Capital recovery

factor (% y−1)

8.06% 8.06% 8.06% 8.06% 8.06% 8.06% 8.06%

Fixed O&M cost

($ kW-y−1,

$ kWh-y−1)

13 0.03 0.02 27 13 19 14

Efficiency 50% — — — 71% 70% 50%

Loss rate (% y−1,

fraction h−1)

— 0.01% y−1

(1.14× 10−8

frac h−1) [43]

0.01% y−1

(1.14× 10−8

frac h−1)

0.035% y−1

(3.99× 10−8

frac h−1) [42]

— — —

Annualized capital costs paid hourly

Fixed cost 0.0174

$ kW−1h−1
0.00002

$ kWh−1 h−1
0.00014

$ kWh−1 h−1
3.61× 10−7

$ kWh−1 h−1
0.00103

$ kW−1 h−1
0.044

$ kW−1 h−1
1.08× 10−2

$ kW−1 h−1

Variable cost 0.000

$ kW−1 h−1
0.000

$−1kWh−1 h−1
0.000

$ kWh−1 h−1
0.000

$ kWh−1 h−1
0.000

$ kW−1 h−1
0.000

$ kW−1 h−1
0.000

$ kW−1 h−1

3.2. Constraints
Capacity:

0! Cg,v,s ∀g,v, s.

Dispatch:

0! Dg
t ! Cgfgt ∀g, t.

0! Dv
t ! Cv ∀v, t.

0! Dto s
t ! Cs

τ s s= battery,∀t.
0! Dfrom s

t ! Cs

τ s s= battery,∀t.
0! Ss

t ! Cs ∀s, t.
0! Dfrom s

t ! Ss
t (1− δ s) ∀s, t.

Storage energy balance:

S1 = (1− δ s)ST∆t+ η sDto s
T ∆t−Dfrom s

T ∆t ∀s .
St+1 = (1− δ s)St∆t+ η sDto s

t ∆t−Dfrom s
t ∆t ∀s, t ∈ 1, . . . ,(T− 1) .

System energy balance:

∑

g

Dg
t ∆t+Dfrom s

t ∆t=Mt +Dto s
t ∆t ∀g, t.

5

Constraints

Electricity sources = Electricity sinks
Dispatch of generation + Storage discharge = Demand + Storage charge

Macro Electricity Model (MEM)
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Objective function

Environ. Res.: Energy 1 (2024) 035004 J A Dowling et al

3.3. Objective function

minimize(system cost)

system cost=

∑

g

cgfixedC
g +

∑

g

(∑
t c

g
varD

g
t

T

)
+
∑

v

cvfixedC
v+

∑

s

c sfixedC
s +

∑
tc
to s
varD

s
t

T
+

∑
tc
from s
var Ds

t

T

3.4. Additional constraints used in sensitivity studies
Constrained dispatch of natural gas (used in figures 6, S2 and S3 only, see table S1):

∑

t

Dnatural gas
t ∆t! x ∗

∑

t

Mt .

Constrained capacity of underground hydrogen storage volume (used in figures 7 and S4 only, see
table S2):

Cs ! current salt cavern volume available, or . . . .

Cs ! current depleted reservoir volume available.

Constrained capacity of underground hydrogen injection and withdrawal flow rates (figures 7 and S4
only, see table S2):

Cv ! historicalmaxgas injection rate

Cv ! historicalmaxgas withdrawal rate

4. Results

The base case (table 2) assumed commercially available technology for wind and solar generation, as well as
battery and hydrogen storage systems. Specifically, PEM electrolyzers were used to produce hydrogen, which
was stored in newly constructed salt caverns. PEM fuel cells were later used to discharge the stored hydrogen
energy into electricity. In the base case, P-H2-P was assumed to have 36% round-trip efficiency [7].

Deployment of P-H2-P systems lowered costs in wind and solar electricity systems that used battery
storage (figure 1). In the base case, increasing the round-trip efficiency of P-H2-P from 36% to 100% reduced
the electricity system costs of the wind-solar-battery-H2 system by only∼7% (figure 1(a)). In these systems,
annual total wind and solar generation was substantially larger than mean demand, even when the P-H2-P
systems were assumed to have 100% round-trip efficiency. The substantial amount of curtailment resulted
from the high power-capacity cost of fuel cells compared to the cost of increasing the capacity of wind and
solar generation (figure 1(b)).

In contrast to the base case, as the capital costs of P-H2-P charging and discharging components
decreased, system costs became increasingly sensitive to the round-trip efficiency of P-H2-P (figure 2(a)). For
example, when P-H2-P was modeled in the limit of zero capital cost, an efficiency improvement from 36% to
100% reduced system costs by 21%, driven by a concomitant reduction in wind and solar generation
capacities (figures 2(b) and S1). As P-H2-P capital costs decreased, wind and solar generation in least-cost
systems was sized to mean demand, even though the mean instantaneous cost of electricity driving
electrolysis increased (figure 2(c)). In most cases studied, P-H2-P round-trip efficiency improvements
beyond the current value (36%, figure 2 white vertical lines) led to substantial reductions in wind and solar
dispatch (figure 2(b)), and relatively constant capacities of the components of the P-H2-P system
(figures 2(d)–(f)). Moreover, capital cost reductions increased P-H2-P component capacities more than
improvements above∼36% in the round-trip P-H2-P efficiency (figures 2(d)–(f)). Table 4 summarizes
trends and characterizes least-cost systems in figure 2.

The impact of various technology improvements on electricity system costs differed substantially among
various scenarios. The assets in these stylized least-cost electricity systems were determined de novo as a
function of changes in either P-H2-P capital cost (figure 3, left column) or P-H2-P round-trip efficiency
(figure 3, right column) relative to the base case. Reductions in the cost of H2-to-Power discharging
components had the largest impact on electricity system costs (figure 3(e)). Relative to the base case, the
electricity system cost and asset composition in least-cost electricity systems was most sensitive to reductions
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Minimize system cost:

System cost = Fixed cost * (capacity) + variable cost * (dispatch)

Environ. Res.: Energy 1 (2024) 035004 J A Dowling et al
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3.4. Additional constraints used in sensitivity studies
Constrained dispatch of natural gas (used in figures 6, S2 and S3 only, see table S1):

∑

t

Dnatural gas
t ∆t! x ∗

∑

t

Mt .

Constrained capacity of underground hydrogen storage volume (used in figures 7 and S4 only, see
table S2):

Cs ! current salt cavern volume available, or . . . .

Cs ! current depleted reservoir volume available.

Constrained capacity of underground hydrogen injection and withdrawal flow rates (figures 7 and S4
only, see table S2):

Cv ! historicalmaxgas injection rate

Cv ! historicalmaxgas withdrawal rate

4. Results

The base case (table 2) assumed commercially available technology for wind and solar generation, as well as
battery and hydrogen storage systems. Specifically, PEM electrolyzers were used to produce hydrogen, which
was stored in newly constructed salt caverns. PEM fuel cells were later used to discharge the stored hydrogen
energy into electricity. In the base case, P-H2-P was assumed to have 36% round-trip efficiency [7].

Deployment of P-H2-P systems lowered costs in wind and solar electricity systems that used battery
storage (figure 1). In the base case, increasing the round-trip efficiency of P-H2-P from 36% to 100% reduced
the electricity system costs of the wind-solar-battery-H2 system by only∼7% (figure 1(a)). In these systems,
annual total wind and solar generation was substantially larger than mean demand, even when the P-H2-P
systems were assumed to have 100% round-trip efficiency. The substantial amount of curtailment resulted
from the high power-capacity cost of fuel cells compared to the cost of increasing the capacity of wind and
solar generation (figure 1(b)).

In contrast to the base case, as the capital costs of P-H2-P charging and discharging components
decreased, system costs became increasingly sensitive to the round-trip efficiency of P-H2-P (figure 2(a)). For
example, when P-H2-P was modeled in the limit of zero capital cost, an efficiency improvement from 36% to
100% reduced system costs by 21%, driven by a concomitant reduction in wind and solar generation
capacities (figures 2(b) and S1). As P-H2-P capital costs decreased, wind and solar generation in least-cost
systems was sized to mean demand, even though the mean instantaneous cost of electricity driving
electrolysis increased (figure 2(c)). In most cases studied, P-H2-P round-trip efficiency improvements
beyond the current value (36%, figure 2 white vertical lines) led to substantial reductions in wind and solar
dispatch (figure 2(b)), and relatively constant capacities of the components of the P-H2-P system
(figures 2(d)–(f)). Moreover, capital cost reductions increased P-H2-P component capacities more than
improvements above∼36% in the round-trip P-H2-P efficiency (figures 2(d)–(f)). Table 4 summarizes
trends and characterizes least-cost systems in figure 2.

The impact of various technology improvements on electricity system costs differed substantially among
various scenarios. The assets in these stylized least-cost electricity systems were determined de novo as a
function of changes in either P-H2-P capital cost (figure 3, left column) or P-H2-P round-trip efficiency
(figure 3, right column) relative to the base case. Reductions in the cost of H2-to-Power discharging
components had the largest impact on electricity system costs (figure 3(e)). Relative to the base case, the
electricity system cost and asset composition in least-cost electricity systems was most sensitive to reductions
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Macro Electricity Model (MEM)

Fixed costs for
capacity

Variable costs for 
dispatch

Wind, solar, and storage have fixed costs, but zero variable costs.

Natural gas has fixed costs (power plant) and variable costs (fuel).
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Capacity cost (CapEx) and efficiency define energy storage in the model
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Fuel cell

Discharging

Power 
Conversion

Power 
Conversion

Electrolyzer

Charging

Energy
Storage

Demand

DischargingCharging
DemandWind Solar

Battery

Hydrogen

Wind Solar

Geologic H2 Storage

$2/kWh

$300/kWh

Low cost!

Low cost! Low cost!

High costHigh cost

High
cost 86% 

efficient

36% 
efficient

Geologic hydrogen storage is an example
long-duration energy storage technology 
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Geologic hydrogen storage is an example
long-duration energy storage technology 

Short-duration
energy storage

Long-duration 
energy storage

power capacity 
costs dominate

energy capacity 
costs dominate

Geologic
Hydrogen

• Geologic hydrogen 
storage has the 
lowest energy-
capacity cost.
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Long-Duration Energy Storage
• Geologic Hydrogen Storage
• Energy Storage Portfolios

• Competition with Natural Gas

Constraints and Innovation
• Underground Storage Constraints

• High- and Low-Value Innovation
• Shift in Materials Chemistry Focus

Outline of Results

At current technology costs, would 
long-duration energy storage

reduce the cost of reliable
wind-solar-battery systems?
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Priors before doing this study

• We did not expect hydrogen energy 
storage to compete at current costs due 
to high charge/discharge costs and low 
efficiencies.

• Standard energy models typically used 1 
year of weather data and didn’t capture 
seasonal or interannual variability

• California Energy Commission (CEC) 
definition of long-duration energy 
storage: > 10 hours

Dowling et al., Role of Long-Duration Energy Storage in Variable Renewable Electricity Systems. Joule, 2020.
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Long-duration storage fills seasonal storage needs
at current technology costs

Dowling et al., Role of Long-Duration Energy Storage in Variable Renewable Electricity Systems. Joule, 2020.

Long-duration 
storage: 

• can reduce costs of 
wind-solar-battery
systems at current 
technology costs

• fills seasonal and 
multi-year storage 
functional roles

• could further 
reduce system 
costs with future 
cost improvements

Figure 2: Base case dispatch schedule. Electricity sources to the grid (positive values) and
electricity sinks from the grid (negative values) are balanced at each hour of 2018. (a) Annual
results with 5-day averaging; (b) 5-day period with maximum battery discharge (starting at 07:00PM
CST); (c) 5-day period with maximum LDS discharge (starting at 05:00PM CST). The black area
represents end-use demand (as does the black line). At each hour, generation from wind and solar
plus dispatch from LDS and battery storage is balanced by end-use demand and charging of LDS
and battery storage. LDS primarily provides inter-season storage whereas batteries provide intra-day
storage.

4 Results171

4.1 Long-duration storage meets summertime demand and coexists with172

batteries173

Figure 2 presents dispatch curves for 2018 of the least-cost system, assuming current costs (Ta-174

ble 1). Electricity sources in Figure 2 include both the generation technologies (wind and solar)175

and discharge of storage technologies (batteries and LDS) to the grid. Electricity sinks include both176

end-use demand and charging of storage technologies. Sources and sinks are balanced each hour177

(so that maximum positive values for any hour in Figure 2 mirror the most negative values in the178

corresponding hour). LDS (pink) and batteries (purple) are both present.179

The annual view of dispatch in this base case (Figure 2a, smoothed with a 5-day moving average)180

shows that when wind resources (blue) decrease during the summer months, the combined generation181

from wind and solar power are not sufficient to meet demand. A substantial amount of LDS (pink) is182

thus discharged to meet a substantial portion of demand during this low-resource period. In contrast183

to this large and seasonal discharge of LDS, batteries (purple) are routinely charged and discharged184

in small amounts throughout the year (Figure 2a). Curtailment is calculated in the model but not185

displayed in Figure 2. In the base case, wind and solar capacities are 2.5x and 1x average demand186

with average capacity factors of 0.36 and 0.27, respectively. VRE curtailment is on average 9% of187

VRE generation (i.e. 3% of VRE capacity).188

Figures 2b and 2c show daily dispatch dynamics for the 5-day periods with the greatest battery189
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Long-duration 
storage

Macro-energy 
model least-cost 

optimization 
results:

• Low-cost energy storage, 
such as geologic 
hydrogen, can meet 
demand during 
summertime lulls in 
wind power.
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Battery  1.7 hours
Intra-daily storage

Seasonal and daily storage functional roles

PGP  16 days
Inter-seasonal storage
PGP

Battery

• Batteries are not cost-effective 
for seasonal energy storage.

H2

Hydrogen

Dowling et al., Role of Long-Duration Energy Storage in Variable Renewable Electricity Systems. Joule, 2020.
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Long-term weather datasets, typically not used by utilities and 
regulators, capture the role and value of long-duration storage

1 year

3 years

6 years

En
er

gy
 in

 H
2 s

to
ra

ge

Dowling et al., Role of Long-Duration Energy Storage in Variable Renewable Electricity Systems. Joule, 2020.
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Multi-year hydrogen energy storage is cost-effective

• Reliable systems that 
plan for more years 
increasingly depend on 
long-duration storage.

En
er

gy
 in

 H
2 s

to
ra

ge

Dowling et al., Role of Long-Duration Energy Storage in Variable Renewable Electricity Systems. Joule, 2020.
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H2 only

H2 only

H2 only

H2

H2

H2

Add hydrogen energy storage at current technology costs:

Dowling et al., Role of Long-Duration Energy Storage in Variable Renewable Electricity Systems. Joule, 2020.
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Addition of hydrogen reduces costs in all cases considered

H2 only

H2 only

H2 only

H2

H2

H2

Dowling et al., Role of Long-Duration Energy Storage in Variable Renewable Electricity Systems. Joule, 2020.
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• At current technology costs, 
long-duration energy storage 
reduces the cost of reliable wind-
solar-battery systems by filling 
seasonal and multi-year storage 
functional roles.

Wind and solar constraints guide         
energy storage opportunities.

Dowling et al., Role of Long-Duration Energy Storage in Variable Renewable Electricity Systems. Joule, 2020.

Cited > 400 23 Policy
Citations

Key research advance

Data integration methods advance:
Used multi-decadal weather data
Modeled an emerging technology
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Long-Duration Energy Storage
• Geologic Hydrogen Storage
• Energy Storage Portfolios

• Competition with Natural Gas

Constraints and Innovation
• Underground Storage Constraints

• High- and Low-Value Innovation
• Shift in Materials Chemistry Focus

Outline

What is the value of including
long-duration storage compared to 

other energy storage options?
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Geologic hydrogen storage and metal-air batteries 
were the most cost-effective energy storage technologies 
modeled due to their low energy capacity costs.

• Hydrogen: ~2 $/kWh energy-capacity cost

• Metal-air batteries: ~5 $/kWh energy-capacity cost                  
(20 $/kWh total cost with a fixed 100-h duration)

Energy Storage Options

Li*, Virgüez*, Dowling* et al., Environmental Science & Technology, 2024.

Single-storage systems
(continental U.S.)

28



System costs of different energy storage portfolios
(continental U.S.)

Li*, Virgüez*, Dowling* et al., Environmental Science & Technology, 2024.
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Lowest Total 
System Costs

1. Deploying underground hydrogen storage or metal-air batteries 
led to the lowest total system costs

Long-duration 
storage: 

• can reduce costs of 
wind-solar-battery
systems at current 
technology costs

• fills seasonal and 
multi-year storage 
functional roles

• could further 
reduce system 
costs with future 
cost improvements

Figure 2: Base case dispatch schedule. Electricity sources to the grid (positive values) and
electricity sinks from the grid (negative values) are balanced at each hour of 2018. (a) Annual
results with 5-day averaging; (b) 5-day period with maximum battery discharge (starting at 07:00PM
CST); (c) 5-day period with maximum LDS discharge (starting at 05:00PM CST). The black area
represents end-use demand (as does the black line). At each hour, generation from wind and solar
plus dispatch from LDS and battery storage is balanced by end-use demand and charging of LDS
and battery storage. LDS primarily provides inter-season storage whereas batteries provide intra-day
storage.

4 Results171

4.1 Long-duration storage meets summertime demand and coexists with172

batteries173

Figure 2 presents dispatch curves for 2018 of the least-cost system, assuming current costs (Ta-174

ble 1). Electricity sources in Figure 2 include both the generation technologies (wind and solar)175

and discharge of storage technologies (batteries and LDS) to the grid. Electricity sinks include both176

end-use demand and charging of storage technologies. Sources and sinks are balanced each hour177

(so that maximum positive values for any hour in Figure 2 mirror the most negative values in the178

corresponding hour). LDS (pink) and batteries (purple) are both present.179

The annual view of dispatch in this base case (Figure 2a, smoothed with a 5-day moving average)180

shows that when wind resources (blue) decrease during the summer months, the combined generation181

from wind and solar power are not sufficient to meet demand. A substantial amount of LDS (pink) is182

thus discharged to meet a substantial portion of demand during this low-resource period. In contrast183

to this large and seasonal discharge of LDS, batteries (purple) are routinely charged and discharged184

in small amounts throughout the year (Figure 2a). Curtailment is calculated in the model but not185

displayed in Figure 2. In the base case, wind and solar capacities are 2.5x and 1x average demand186

with average capacity factors of 0.36 and 0.27, respectively. VRE curtailment is on average 9% of187

VRE generation (i.e. 3% of VRE capacity).188

Figures 2b and 2c show daily dispatch dynamics for the 5-day periods with the greatest battery189
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Long-duration 
storage

Long-duration storage reduces wind-
capacity overbuild by meeting demand 
during summertime lulls in wind power.
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Energy-Capacity Total Overnight Cost ($/kWh)

Po
w

er
-C
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W
)Lowest Total 

System Costs Lowest Energy-
Capacity Costs

Hydrogen
PSH

CAES

Thermal

Metal-Air

RFB

Gravity

Li-ion

Metal-air batteries and geologic 
hydrogen storage have the lowest 

energy-capacity costs considered.

1. Deploying underground hydrogen storage or metal-air batteries 
led to the lowest total system costs
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Deploying Li-ion batteries with a longer-
duration storage technology does not 
substantially lower total system costs

2. Long-duration storage may also cost-effectively
provide short-term storage
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Deploying any other storage technology in addition to 
hydrogen does not lower total system costs

2. Long-duration storage may also cost-effectively
provide short-term storage

33



Least-cost systems contained sufficient 
power-capacity from long-duration storage 

to also meet short-term power needs.

Seasonal 
storage

Daily
storage

2. Long-duration storage may also cost-effectively
provide short-term storage

34
Li*, Virgüez*, Dowling* et al., Environmental Science & Technology, 2024.



Long-Duration Energy Storage
• Geologic Hydrogen Storage
• Energy Storage Portfolios

• Competition with Natural Gas

Constraints and Innovation
• Underground Storage Constraints

• High- and Low-Value Innovation
• Shift in Materials Chemistry Focus

Outline

At what degree of decarbonization 
would hydrogen storage compete 

with natural gas?
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Figure 6. Power-H2-Power technology may reduce costs of deeply decarbonized (beyond∼85%) electricity systems based on
wind and solar. Parametrized natural gas restrictions show the value of various Power-H2-Power technologies in deeply
decarbonized wind- and solar-dominated systems. Natural gas total dispatch over the simulation period varied from
unconstrained (100%) to partially restricted, to eliminated (0%) in wind-solar-battery-H2 electricity systems. Pink vertical lines
indicate the minimum natural gas restriction at which P-H2-P technologies were deployed in least-cost systems, to the extent that
P-H2-P costs comprised at least 2% of the total system cost. The nine panels (a)–(i) show technology combinations of three
hydrogen storage options (aboveground tanks, $15 kWh−1; salt caverns, $2 kWh−1; depleted oil and gas reservoirs,
$0.04 kWh−1) in vertical columns. Horizontal rows show three H2-to-Power options molten carbonate (MC) fuel cells,
$4600 kW−1; polymer electrolyte membrane (PEM) fuel cells, $1414 kW−1; and 100% H2 turbines, $1000 kW−1). In the base
case representing currently commercially available technology (salt cavern+ PEM fuel cell), P-H2-P was deployed in least-cost
systems when natural gas dispatch was restricted to 17% of total annual energy.

the manufacturing tolerances of the stack to achieve lower manufacturing assembly cost albeit at higher stack
voltages and thus lower conversion efficiencies; and other similar trade-offs of cost versus efficiency.

The ratio of power to energy is much higher for discharging than charging of P-H2-P because slow
charging is adequate to fill the storage reservoir that must be discharged relatively rapidly to meet demand in
response to resource supply droughts. This ratio leads to the capital costs of the H2-P discharge components
dominating the total power capital costs of P-H2-P, at current component costs. Consequently, on a relative
basis, reductions in the capital cost of fuel cells would reduce electricity system costs more than would
reductions in the cost of electrolyzers. H2-P discharging power-capacity costs could also be reduced by the
development and deployment of gas turbines that operate with 100% H2. Such turbines could prove to be
cost-effective discharge components in an electricity system even though the efficiency of a gas turbine is
lower than that of a fuel cell [12, 49, 50]. These turbines are projected to have costs of about $1000 kW−1,
which is comparable to conventional gas turbines that operate on methane (CH4).

Notably, these cost versus efficiency design optimizations vary in the different regimes of asset costs. If
P-H2-P conversion costs were reduced substantially relative to generation costs, then electricity system costs
would be more sensitive to changes in efficiency than to further reductions in P-H2-P power conversion
capital costs.
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Figure 6. Power-H2-Power technology may reduce costs of deeply decarbonized (beyond∼85%) electricity systems based on
wind and solar. Parametrized natural gas restrictions show the value of various Power-H2-Power technologies in deeply
decarbonized wind- and solar-dominated systems. Natural gas total dispatch over the simulation period varied from
unconstrained (100%) to partially restricted, to eliminated (0%) in wind-solar-battery-H2 electricity systems. Pink vertical lines
indicate the minimum natural gas restriction at which P-H2-P technologies were deployed in least-cost systems, to the extent that
P-H2-P costs comprised at least 2% of the total system cost. The nine panels (a)–(i) show technology combinations of three
hydrogen storage options (aboveground tanks, $15 kWh−1; salt caverns, $2 kWh−1; depleted oil and gas reservoirs,
$0.04 kWh−1) in vertical columns. Horizontal rows show three H2-to-Power options molten carbonate (MC) fuel cells,
$4600 kW−1; polymer electrolyte membrane (PEM) fuel cells, $1414 kW−1; and 100% H2 turbines, $1000 kW−1). In the base
case representing currently commercially available technology (salt cavern+ PEM fuel cell), P-H2-P was deployed in least-cost
systems when natural gas dispatch was restricted to 17% of total annual energy.

the manufacturing tolerances of the stack to achieve lower manufacturing assembly cost albeit at higher stack
voltages and thus lower conversion efficiencies; and other similar trade-offs of cost versus efficiency.

The ratio of power to energy is much higher for discharging than charging of P-H2-P because slow
charging is adequate to fill the storage reservoir that must be discharged relatively rapidly to meet demand in
response to resource supply droughts. This ratio leads to the capital costs of the H2-P discharge components
dominating the total power capital costs of P-H2-P, at current component costs. Consequently, on a relative
basis, reductions in the capital cost of fuel cells would reduce electricity system costs more than would
reductions in the cost of electrolyzers. H2-P discharging power-capacity costs could also be reduced by the
development and deployment of gas turbines that operate with 100% H2. Such turbines could prove to be
cost-effective discharge components in an electricity system even though the efficiency of a gas turbine is
lower than that of a fuel cell [12, 49, 50]. These turbines are projected to have costs of about $1000 kW−1,
which is comparable to conventional gas turbines that operate on methane (CH4).

Notably, these cost versus efficiency design optimizations vary in the different regimes of asset costs. If
P-H2-P conversion costs were reduced substantially relative to generation costs, then electricity system costs
would be more sensitive to changes in efficiency than to further reductions in P-H2-P power conversion
capital costs.
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Figure 6. Power-H2-Power technology may reduce costs of deeply decarbonized (beyond∼85%) electricity systems based on
wind and solar. Parametrized natural gas restrictions show the value of various Power-H2-Power technologies in deeply
decarbonized wind- and solar-dominated systems. Natural gas total dispatch over the simulation period varied from
unconstrained (100%) to partially restricted, to eliminated (0%) in wind-solar-battery-H2 electricity systems. Pink vertical lines
indicate the minimum natural gas restriction at which P-H2-P technologies were deployed in least-cost systems, to the extent that
P-H2-P costs comprised at least 2% of the total system cost. The nine panels (a)–(i) show technology combinations of three
hydrogen storage options (aboveground tanks, $15 kWh−1; salt caverns, $2 kWh−1; depleted oil and gas reservoirs,
$0.04 kWh−1) in vertical columns. Horizontal rows show three H2-to-Power options molten carbonate (MC) fuel cells,
$4600 kW−1; polymer electrolyte membrane (PEM) fuel cells, $1414 kW−1; and 100% H2 turbines, $1000 kW−1). In the base
case representing currently commercially available technology (salt cavern+ PEM fuel cell), P-H2-P was deployed in least-cost
systems when natural gas dispatch was restricted to 17% of total annual energy.

the manufacturing tolerances of the stack to achieve lower manufacturing assembly cost albeit at higher stack
voltages and thus lower conversion efficiencies; and other similar trade-offs of cost versus efficiency.

The ratio of power to energy is much higher for discharging than charging of P-H2-P because slow
charging is adequate to fill the storage reservoir that must be discharged relatively rapidly to meet demand in
response to resource supply droughts. This ratio leads to the capital costs of the H2-P discharge components
dominating the total power capital costs of P-H2-P, at current component costs. Consequently, on a relative
basis, reductions in the capital cost of fuel cells would reduce electricity system costs more than would
reductions in the cost of electrolyzers. H2-P discharging power-capacity costs could also be reduced by the
development and deployment of gas turbines that operate with 100% H2. Such turbines could prove to be
cost-effective discharge components in an electricity system even though the efficiency of a gas turbine is
lower than that of a fuel cell [12, 49, 50]. These turbines are projected to have costs of about $1000 kW−1,
which is comparable to conventional gas turbines that operate on methane (CH4).

Notably, these cost versus efficiency design optimizations vary in the different regimes of asset costs. If
P-H2-P conversion costs were reduced substantially relative to generation costs, then electricity system costs
would be more sensitive to changes in efficiency than to further reductions in P-H2-P power conversion
capital costs.
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Figure 6. Power-H2-Power technology may reduce costs of deeply decarbonized (beyond∼85%) electricity systems based on
wind and solar. Parametrized natural gas restrictions show the value of various Power-H2-Power technologies in deeply
decarbonized wind- and solar-dominated systems. Natural gas total dispatch over the simulation period varied from
unconstrained (100%) to partially restricted, to eliminated (0%) in wind-solar-battery-H2 electricity systems. Pink vertical lines
indicate the minimum natural gas restriction at which P-H2-P technologies were deployed in least-cost systems, to the extent that
P-H2-P costs comprised at least 2% of the total system cost. The nine panels (a)–(i) show technology combinations of three
hydrogen storage options (aboveground tanks, $15 kWh−1; salt caverns, $2 kWh−1; depleted oil and gas reservoirs,
$0.04 kWh−1) in vertical columns. Horizontal rows show three H2-to-Power options molten carbonate (MC) fuel cells,
$4600 kW−1; polymer electrolyte membrane (PEM) fuel cells, $1414 kW−1; and 100% H2 turbines, $1000 kW−1). In the base
case representing currently commercially available technology (salt cavern+ PEM fuel cell), P-H2-P was deployed in least-cost
systems when natural gas dispatch was restricted to 17% of total annual energy.

the manufacturing tolerances of the stack to achieve lower manufacturing assembly cost albeit at higher stack
voltages and thus lower conversion efficiencies; and other similar trade-offs of cost versus efficiency.

The ratio of power to energy is much higher for discharging than charging of P-H2-P because slow
charging is adequate to fill the storage reservoir that must be discharged relatively rapidly to meet demand in
response to resource supply droughts. This ratio leads to the capital costs of the H2-P discharge components
dominating the total power capital costs of P-H2-P, at current component costs. Consequently, on a relative
basis, reductions in the capital cost of fuel cells would reduce electricity system costs more than would
reductions in the cost of electrolyzers. H2-P discharging power-capacity costs could also be reduced by the
development and deployment of gas turbines that operate with 100% H2. Such turbines could prove to be
cost-effective discharge components in an electricity system even though the efficiency of a gas turbine is
lower than that of a fuel cell [12, 49, 50]. These turbines are projected to have costs of about $1000 kW−1,
which is comparable to conventional gas turbines that operate on methane (CH4).

Notably, these cost versus efficiency design optimizations vary in the different regimes of asset costs. If
P-H2-P conversion costs were reduced substantially relative to generation costs, then electricity system costs
would be more sensitive to changes in efficiency than to further reductions in P-H2-P power conversion
capital costs.
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decarbonized wind- and solar-dominated systems. Natural gas total dispatch over the simulation period varied from
unconstrained (100%) to partially restricted, to eliminated (0%) in wind-solar-battery-H2 electricity systems. Pink vertical lines
indicate the minimum natural gas restriction at which P-H2-P technologies were deployed in least-cost systems, to the extent that
P-H2-P costs comprised at least 2% of the total system cost. The nine panels (a)–(i) show technology combinations of three
hydrogen storage options (aboveground tanks, $15 kWh−1; salt caverns, $2 kWh−1; depleted oil and gas reservoirs,
$0.04 kWh−1) in vertical columns. Horizontal rows show three H2-to-Power options molten carbonate (MC) fuel cells,
$4600 kW−1; polymer electrolyte membrane (PEM) fuel cells, $1414 kW−1; and 100% H2 turbines, $1000 kW−1). In the base
case representing currently commercially available technology (salt cavern+ PEM fuel cell), P-H2-P was deployed in least-cost
systems when natural gas dispatch was restricted to 17% of total annual energy.

the manufacturing tolerances of the stack to achieve lower manufacturing assembly cost albeit at higher stack
voltages and thus lower conversion efficiencies; and other similar trade-offs of cost versus efficiency.

The ratio of power to energy is much higher for discharging than charging of P-H2-P because slow
charging is adequate to fill the storage reservoir that must be discharged relatively rapidly to meet demand in
response to resource supply droughts. This ratio leads to the capital costs of the H2-P discharge components
dominating the total power capital costs of P-H2-P, at current component costs. Consequently, on a relative
basis, reductions in the capital cost of fuel cells would reduce electricity system costs more than would
reductions in the cost of electrolyzers. H2-P discharging power-capacity costs could also be reduced by the
development and deployment of gas turbines that operate with 100% H2. Such turbines could prove to be
cost-effective discharge components in an electricity system even though the efficiency of a gas turbine is
lower than that of a fuel cell [12, 49, 50]. These turbines are projected to have costs of about $1000 kW−1,
which is comparable to conventional gas turbines that operate on methane (CH4).

Notably, these cost versus efficiency design optimizations vary in the different regimes of asset costs. If
P-H2-P conversion costs were reduced substantially relative to generation costs, then electricity system costs
would be more sensitive to changes in efficiency than to further reductions in P-H2-P power conversion
capital costs.
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Figure 6. Power-H2-Power technology may reduce costs of deeply decarbonized (beyond∼85%) electricity systems based on
wind and solar. Parametrized natural gas restrictions show the value of various Power-H2-Power technologies in deeply
decarbonized wind- and solar-dominated systems. Natural gas total dispatch over the simulation period varied from
unconstrained (100%) to partially restricted, to eliminated (0%) in wind-solar-battery-H2 electricity systems. Pink vertical lines
indicate the minimum natural gas restriction at which P-H2-P technologies were deployed in least-cost systems, to the extent that
P-H2-P costs comprised at least 2% of the total system cost. The nine panels (a)–(i) show technology combinations of three
hydrogen storage options (aboveground tanks, $15 kWh−1; salt caverns, $2 kWh−1; depleted oil and gas reservoirs,
$0.04 kWh−1) in vertical columns. Horizontal rows show three H2-to-Power options molten carbonate (MC) fuel cells,
$4600 kW−1; polymer electrolyte membrane (PEM) fuel cells, $1414 kW−1; and 100% H2 turbines, $1000 kW−1). In the base
case representing currently commercially available technology (salt cavern+ PEM fuel cell), P-H2-P was deployed in least-cost
systems when natural gas dispatch was restricted to 17% of total annual energy.

the manufacturing tolerances of the stack to achieve lower manufacturing assembly cost albeit at higher stack
voltages and thus lower conversion efficiencies; and other similar trade-offs of cost versus efficiency.

The ratio of power to energy is much higher for discharging than charging of P-H2-P because slow
charging is adequate to fill the storage reservoir that must be discharged relatively rapidly to meet demand in
response to resource supply droughts. This ratio leads to the capital costs of the H2-P discharge components
dominating the total power capital costs of P-H2-P, at current component costs. Consequently, on a relative
basis, reductions in the capital cost of fuel cells would reduce electricity system costs more than would
reductions in the cost of electrolyzers. H2-P discharging power-capacity costs could also be reduced by the
development and deployment of gas turbines that operate with 100% H2. Such turbines could prove to be
cost-effective discharge components in an electricity system even though the efficiency of a gas turbine is
lower than that of a fuel cell [12, 49, 50]. These turbines are projected to have costs of about $1000 kW−1,
which is comparable to conventional gas turbines that operate on methane (CH4).

Notably, these cost versus efficiency design optimizations vary in the different regimes of asset costs. If
P-H2-P conversion costs were reduced substantially relative to generation costs, then electricity system costs
would be more sensitive to changes in efficiency than to further reductions in P-H2-P power conversion
capital costs.
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wind and solar. Parametrized natural gas restrictions show the value of various Power-H2-Power technologies in deeply
decarbonized wind- and solar-dominated systems. Natural gas total dispatch over the simulation period varied from
unconstrained (100%) to partially restricted, to eliminated (0%) in wind-solar-battery-H2 electricity systems. Pink vertical lines
indicate the minimum natural gas restriction at which P-H2-P technologies were deployed in least-cost systems, to the extent that
P-H2-P costs comprised at least 2% of the total system cost. The nine panels (a)–(i) show technology combinations of three
hydrogen storage options (aboveground tanks, $15 kWh−1; salt caverns, $2 kWh−1; depleted oil and gas reservoirs,
$0.04 kWh−1) in vertical columns. Horizontal rows show three H2-to-Power options molten carbonate (MC) fuel cells,
$4600 kW−1; polymer electrolyte membrane (PEM) fuel cells, $1414 kW−1; and 100% H2 turbines, $1000 kW−1). In the base
case representing currently commercially available technology (salt cavern+ PEM fuel cell), P-H2-P was deployed in least-cost
systems when natural gas dispatch was restricted to 17% of total annual energy.

the manufacturing tolerances of the stack to achieve lower manufacturing assembly cost albeit at higher stack
voltages and thus lower conversion efficiencies; and other similar trade-offs of cost versus efficiency.

The ratio of power to energy is much higher for discharging than charging of P-H2-P because slow
charging is adequate to fill the storage reservoir that must be discharged relatively rapidly to meet demand in
response to resource supply droughts. This ratio leads to the capital costs of the H2-P discharge components
dominating the total power capital costs of P-H2-P, at current component costs. Consequently, on a relative
basis, reductions in the capital cost of fuel cells would reduce electricity system costs more than would
reductions in the cost of electrolyzers. H2-P discharging power-capacity costs could also be reduced by the
development and deployment of gas turbines that operate with 100% H2. Such turbines could prove to be
cost-effective discharge components in an electricity system even though the efficiency of a gas turbine is
lower than that of a fuel cell [12, 49, 50]. These turbines are projected to have costs of about $1000 kW−1,
which is comparable to conventional gas turbines that operate on methane (CH4).

Notably, these cost versus efficiency design optimizations vary in the different regimes of asset costs. If
P-H2-P conversion costs were reduced substantially relative to generation costs, then electricity system costs
would be more sensitive to changes in efficiency than to further reductions in P-H2-P power conversion
capital costs.
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How much hydrogen energy storage might we want?
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~175 TWh in least-cost reliable wind-solar-H2-battery system in the U.S.
However, system costs are quite insensitive to that value if we constrain it.



Even with tight capacity limits in salt caverns, 
H2 storage still reduces system costs
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smaller—29.6 TWh (0.9 MMT) and 27.4 TWh (0.8 MMT), respectively. The distributions of H2 WGE for UGS 
facilities operating in each storage formation were also right-skewed. Salt cavern UGS facilities had larger gas 
storage volumes and subsequently greater H2 WGEs than depleted reservoir and aquifer facilities (Table 1, Table 
S1 and Figure S5 of Supporting Information S1).

H2 blends between 5% and 15% by volume are not believed to increase the risk of gas use in end-use systems and 
while there is variability among studies, most suggest that blends between 5% and 20% are acceptable (Melaina 
et al., 2013). To characterize the impact of mixing H2 with U.S. subsurface energy-storage reserves, we estimated 
the energy-storage potential of U.S. UGS facilities assuming three H2-CH4 working-gas blends (Table 1). The 
total WGE of U.S. UGS facilities was 1,226, 1,064, and 494 TWh for H2–CH4 mixtures of 5%, 20%, and 80% H2 
by volume, respectively. As expected, the estimated WGE decreased as the H2 blend % increased for each reser-
voir type and region considered.

3.2. Impact of Hydrogen Transition on Underground Energy-Storage Reserves
Assuming pure CH4 storage, the current cumulative WGE of UGS facilities in the U.S. is 1,282 TWh. We esti-
mate that transitioning working gas from CH4 to pure (i.e., 100%) H2 nationwide would reduce the cumulative 
WGE by 75%–327 TWh (Table 1). A reduction in energy-storage potential is expected if UGS facilities that 
transition to hydrogen storage maintain their current operational conditions. Despite having a higher energy 
content by mass than CH4, the relatively low density of H2 will result in lower H2 working-gas volumes in UGS 
facilities and subsequently a reduction in energy-storage potential. With the considered approach, the degree to 
which WGE will be reduced by an H2 transition was dependent on the density ratio of H2 to CH4 in the stor-
age reservoir. A lower H2-to-CH4 density ratio resulted in a greater reduction in WGE. The H2-to-CH4 density 
ratio was lowest at 18,000 kPa (increasing at lower and higher pressures) and decreased at higher temperatures 
(Goodman et al., 2022). Estimated WGE reductions for all U.S. UGS facilities ranged between 71% and 76% 

Figure 1. Estimated working-gas energy (TWh) of pure (i.e., 100%) H2 in U.S. underground gas storage (UGS) facilities 
(light to dark red). UGS facility storage-formation types are designated by symbol shape. Shaded regions (light to dark blue) 
represent total working-gas energy (TWh) of 100% H2 storage by the natural gas storage reporting regions used by the U.S. 
Energy Information Agency (South Central, Midwest, East, Mountain, Pacific, and Alaska).
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Ample capacity in existing natural gas infrastructure

How much storage is optimal?

How much storage is available in 
active natural gas storage facilities?

Salt Caverns: 36 TWh
Depleted reservoirs: 291 TWh

Total available: 327 TWh (SHASTA)
of hydrogen working gas

SHASTA National Lab Project: Lackey, G. et al. GRL, 2023.

Approx. Total needed: 
~175 TWh (Dowling et al.)

of hydrogen working gas

Repurposing about half the volume 
available in active U.S. natural gas 
storage facilities for pure hydrogen would 
provide national-scale seasonal 
energy storage in a 100% reliable wind-
solar-hydrogen electricity system.
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Vast potential for new geologic hydrogen energy storage

Figure - Sandia National Laboratories
Lord et al. International Journal of Hydrogen, 2014

Geophysical potential:

Salt Caverns
Pro: Commercially proven for H2,

Con: Constrained Capacity

Depleted Reservoirs
Pro: Abundant capacity

Con: Emerging technology for H2
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• High- and Low-Value Innovation
• Shift in Materials Chemistry Focus
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Which hydrogen energy storage 
innovations are most valuable for 

reducing reliable
wind and solar system costs?
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Which innovation is more valuable for hydrogen storage systems? 
Capital cost or efficiency improvements?
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Capital cost improvements were more
valuable than efficiency improvements
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High-value innovation: Improve fuel cell capital cost or salt cavern cost
Low-value innovation: Improve electrolyzer efficiency

 9 

100% reduced the cost of wind- and solar-based systems by 8% to14%. Column (b) mean annual dispatch of electricity 
sources to the grid (positive values) and electricity sinks from the grid (negative values) were balanced, while Power-
H2-Power round-trip efficiencies were varied. The black area represents the mean annual end-use demand (as does the 
horizontal black line at mean U.S. demand). Generation from wind and solar plus dispatch from hydrogen and battery 
storage was balanced by end-use demand, curtailment (gray area), and charging of storage. Storage and conversion 
costs led to more wind and solar generation than demand especially in high-wind regions, which resulted in abundant 
curtailment in least-cost systems. Column (c) mean annual instantaneous costs of electricity used for hydrogen 
conversion were similar for high-wind regions over widely parameterized Power-H2-Power round-trip efficiencies. 
 

Region Region 
abbreviation 

Wind average 
capacity factor 

Solar average 
capacity factor 

Short-hand notation 

Contiguous U.S. CONUS 0.41 0.28 high-wind, high-solar 
California 

Independent System 
Operator 

CAISO 0.22 0.29 low-wind, high-solar 

Electric Reliability 
Council of Texas 

ERCOT 0.43 0.26 high-wind, high-solar 

Independent System 
Operator 

of New England 

ISO-NE 0.23 0.20 low-wind, low-solar 

Midcontinent 
Independent System 

Operator 

MISO 0.31 0.21 high-wind, low-solar 

 
Table S3. Regional average wind and solar capacity factors for 2018. Table S3 presents calculated average wind 
and solar capacity factors for the contiguous U.S. (CONUS) and four sub-national independent system operator (ISO) 
geographic regions (CAISO, ERCOT, ISO-NE, and MISO). The data generation code is publicly available on GitHub 
at https://github.com/carnegie/Create_Wind_and_Solar_Resource_Files/tree/1.0.1. 
 

 
 

Figure S8. Hydrogen energy storage innovations and their potential for system cost reduction. System 
technologies included wind, solar, batteries, Power-to-H2, H2 storage, and H2-to-Power. This figure supports Figure 
3. System costs were most sensitive to H2-to-Power capital cost reductions compared to other P-H2-P innovations 
considered. Percentages show the system cost reduction (value of innovation) from currently commercially available 
hydrogen conversion and storage technologies to theoretical zero capital cost technologies or theoretical 100% 
efficient technologies. Base case costs and efficiencies are listed in Table 2. System-wide electricity costs in the base 
case were more sensitive to hydrogen capital cost improvements in salt caverns, and in polymer electrolyte membrane 
(PEM) fuel cells than to improvements in conversion efficiency or storage leakage. 
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For any long-duration energy storage technology…
High-value innovation:

Improve energy storage capital cost
or discharger capital cost

 9 

100% reduced the cost of wind- and solar-based systems by 8% to14%. Column (b) mean annual dispatch of electricity 
sources to the grid (positive values) and electricity sinks from the grid (negative values) were balanced, while Power-
H2-Power round-trip efficiencies were varied. The black area represents the mean annual end-use demand (as does the 
horizontal black line at mean U.S. demand). Generation from wind and solar plus dispatch from hydrogen and battery 
storage was balanced by end-use demand, curtailment (gray area), and charging of storage. Storage and conversion 
costs led to more wind and solar generation than demand especially in high-wind regions, which resulted in abundant 
curtailment in least-cost systems. Column (c) mean annual instantaneous costs of electricity used for hydrogen 
conversion were similar for high-wind regions over widely parameterized Power-H2-Power round-trip efficiencies. 
 

Region Region 
abbreviation 

Wind average 
capacity factor 

Solar average 
capacity factor 

Short-hand notation 

Contiguous U.S. CONUS 0.41 0.28 high-wind, high-solar 
California 

Independent System 
Operator 

CAISO 0.22 0.29 low-wind, high-solar 

Electric Reliability 
Council of Texas 

ERCOT 0.43 0.26 high-wind, high-solar 

Independent System 
Operator 

of New England 

ISO-NE 0.23 0.20 low-wind, low-solar 

Midcontinent 
Independent System 

Operator 

MISO 0.31 0.21 high-wind, low-solar 

 
Table S3. Regional average wind and solar capacity factors for 2018. Table S3 presents calculated average wind 
and solar capacity factors for the contiguous U.S. (CONUS) and four sub-national independent system operator (ISO) 
geographic regions (CAISO, ERCOT, ISO-NE, and MISO). The data generation code is publicly available on GitHub 
at https://github.com/carnegie/Create_Wind_and_Solar_Resource_Files/tree/1.0.1. 
 

 
 

Figure S8. Hydrogen energy storage innovations and their potential for system cost reduction. System 
technologies included wind, solar, batteries, Power-to-H2, H2 storage, and H2-to-Power. This figure supports Figure 
3. System costs were most sensitive to H2-to-Power capital cost reductions compared to other P-H2-P innovations 
considered. Percentages show the system cost reduction (value of innovation) from currently commercially available 
hydrogen conversion and storage technologies to theoretical zero capital cost technologies or theoretical 100% 
efficient technologies. Base case costs and efficiencies are listed in Table 2. System-wide electricity costs in the base 
case were more sensitive to hydrogen capital cost improvements in salt caverns, and in polymer electrolyte membrane 
(PEM) fuel cells than to improvements in conversion efficiency or storage leakage. 
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• Thermal energy storage in dirt uses soil or rock to store energy at 
low energy capacity costs ($0.01/kWh). 

• Grid electricity heats water in pipes, which transfer heat to the 
surrounding dirt.

• This stored thermal energy can then be used to repower steam 
turbogenerators at decommissioned coal power plants. Repurposing 
means a very low discharger cost of ($250 /kW).

Dirt-cheap energy storage!

50Wongel, Alicia, Jacqueline A. Dowling, Lei Duan, Austin Vernon, Ian S. McKay, and Ken Caldeira. 
“Thermal Energy Storage in Dirt for Repowering Decommissioned Coal Plants.” Findings, 2025.

KEY POINTS FOR DECISION MAKERS

 Thermal energy storage in dirt 
uses soil or rock to store energy at low 
energy capacity costs. Grid electricity 
heats water in pipes, which transfer heat to 
the surrounding dirt. This stored thermal 
energy can then be used to repower steam 
generators at decommissioned coal (and 
other) power plants.

 In electricity systems reliant on wind, 
solar, and natural gas generation, thermal 
storage in dirt could play a key role in 
addressing seasonal electricity demand 
challenges, increasingly so with larger 
shares of wind and solar generation.

 Over broad ranges of assumed 
technology costs, electricity generated 
from decommissioned turbogenerators 
repowered by thermal energy storage 
in dirt could cost-effectively help meet 
electricity demand peaks currently met 
using fossil generators. When first entering 
a market, rapid discharge of large amounts 
of energy could present a key revenue 
opportunity under certain conditions.

Dirt-cheap energy storage -
Thermal energy storage in dirt for 
repowering decommissioned coal plants  

Dirt is an excellent thermal storage medium due to its low 
thermal conductivity, which limits heat transport to a few 
meters per year. Thermal energy storage in unconsolidated 
rocky material (thermal storage in dirt) uses the Earth as a 
storage medium and is thus characterized by very low energy 
capacity costs (0.01 $/kWhth compared to, for example, Li-ion 
batteries at ~100 $/kWhe). 

In this study, cost assumptions are based on a design for a 
prototype of a dirt-mound thermal energy storage system, 
which is charged (heated) resistively with pipes embedded in 
the dirt mound and discharged via the generation of saturated 
steam (Figure 1). This steam could potentially repower steam 
turbogenerators of decommissioned coal plants.

Between 2025 and 2030, approximately 50 GWe of coal plants’ 
capacity will have reached their typical lifespan of about 50 
years, and is expected to be retired.

We assess the cost scenarios under which thermal storage in 
dirt could become cost-effective to repower decommissioned 
steam turbogenerators. We find that in systems reliant on wind, 
solar, and natural gas generation, thermal storage in dirt could 
play a role in meeting seasonal demand peaks at current costs 
(Figure 2), increasingly so with larger shares of wind and solar 
generation. 

RESEARCH
BRIEF July 2025

Heat-charging pipes in dirt
Photo credit: James Williams

Figure1: Thermal storage in dirt
Sketches by Luke Padgett
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Steam heated by dirt to 300ºC



• In electricity systems reliant on wind, 
solar, and natural gas generation, 
thermal storage in dirt could play 
a key role in addressing seasonal 
electricity demand challenges, 
increasingly so with larger shares of 
wind and solar generation.

• Natural gas and thermal energy 
stored in dirt provide electricity 
primarily to meet seasonal residual 
demand challenges posed by wind 
lulls and concurrent demand 
peaks.

Thermal energy storage in dirt fills a seasonal storage role 
without an emissions constraint!

51Wongel, Alicia, Jacqueline A. Dowling, Lei Duan, Austin Vernon, Ian S. McKay, and Ken Caldeira. 
“Thermal Energy Storage in Dirt for Repowering Decommissioned Coal Plants.” Findings, 2025.



Long-Duration Energy Storage
• Geologic Hydrogen Storage
• Energy Storage Portfolios

• Competition with Natural Gas

Constraints and Innovation
• Underground Storage Constraints

• High- and Low-Value Innovation
• Shift in Materials Chemistry Focus

Outline

How can we develop electrolyzer 
catalysts specifically for

energy storage applications
in wind and solar systems?

52



Low-value innovation: Improve electrolyzer efficiency

Can we take advantage of this?

 9 

100% reduced the cost of wind- and solar-based systems by 8% to14%. Column (b) mean annual dispatch of electricity 
sources to the grid (positive values) and electricity sinks from the grid (negative values) were balanced, while Power-
H2-Power round-trip efficiencies were varied. The black area represents the mean annual end-use demand (as does the 
horizontal black line at mean U.S. demand). Generation from wind and solar plus dispatch from hydrogen and battery 
storage was balanced by end-use demand, curtailment (gray area), and charging of storage. Storage and conversion 
costs led to more wind and solar generation than demand especially in high-wind regions, which resulted in abundant 
curtailment in least-cost systems. Column (c) mean annual instantaneous costs of electricity used for hydrogen 
conversion were similar for high-wind regions over widely parameterized Power-H2-Power round-trip efficiencies. 
 

Region Region 
abbreviation 

Wind average 
capacity factor 

Solar average 
capacity factor 

Short-hand notation 

Contiguous U.S. CONUS 0.41 0.28 high-wind, high-solar 
California 

Independent System 
Operator 

CAISO 0.22 0.29 low-wind, high-solar 

Electric Reliability 
Council of Texas 

ERCOT 0.43 0.26 high-wind, high-solar 

Independent System 
Operator 

of New England 

ISO-NE 0.23 0.20 low-wind, low-solar 

Midcontinent 
Independent System 

Operator 

MISO 0.31 0.21 high-wind, low-solar 

 
Table S3. Regional average wind and solar capacity factors for 2018. Table S3 presents calculated average wind 
and solar capacity factors for the contiguous U.S. (CONUS) and four sub-national independent system operator (ISO) 
geographic regions (CAISO, ERCOT, ISO-NE, and MISO). The data generation code is publicly available on GitHub 
at https://github.com/carnegie/Create_Wind_and_Solar_Resource_Files/tree/1.0.1. 
 

 
 

Figure S8. Hydrogen energy storage innovations and their potential for system cost reduction. System 
technologies included wind, solar, batteries, Power-to-H2, H2 storage, and H2-to-Power. This figure supports Figure 
3. System costs were most sensitive to H2-to-Power capital cost reductions compared to other P-H2-P innovations 
considered. Percentages show the system cost reduction (value of innovation) from currently commercially available 
hydrogen conversion and storage technologies to theoretical zero capital cost technologies or theoretical 100% 
efficient technologies. Base case costs and efficiencies are listed in Table 2. System-wide electricity costs in the base 
case were more sensitive to hydrogen capital cost improvements in salt caverns, and in polymer electrolyte membrane 
(PEM) fuel cells than to improvements in conversion efficiency or storage leakage. 
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Commercial proton-exchange membrane (PEM) electrolyzers 
depend on precious metal catalysts

Charging

Power 
Conversion
Electrolyzer

PEM electrolyzer

Charging

Water splitting:
H2O → H2 + 1/2O2 Iridium demand 

and volatile 
prices pose a risk 

to scale-up of 
PEM electrolyzers

Hubert et al., ACS Energy Lett. 2022.
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Dowling et al., Catalysis of the Oxygen-Evolution Reaction in 1.0 M Sulfuric Acid by Manganese 
Antimonate Films Synthesized via Chemical Vapor Deposition ACS Appl Eng Mat., 2024.

Represents a shift in materials chemistry 
focus guided by system-level analysis.

Explicit targeting of a lower-efficiency, but 
more earth-abundant catalyst
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Where would this new catalyst be on the map?

Base case: PEM | Salt | PEM
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Dowling et al., Opportunities and Constraints of Hydrogen Energy Storage Systems. EREN, 2024.

Potentially similar 
total system cost, 
but not as 
dependent on 
critical materials.

Potential 
improvement on 
energy security 
objectives.
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Guide Technology
Innovation

Analyze 
Resource 

Constraints

Article

Role of Long-Duration Energy Storage in
Variable Renewable Electricity Systems

Laws in several U.S. states mandate zero-carbon electricity systems based
primarily on renewable technologies, such as wind and solar. Long-term, large-
capacity energy storage, such as those that might be provided by power-to-gas-
to-power systems, may improve reliability and affordability of systems based on
variable non-dispatchable generation. Long-term storage can reduce costs of
wind-solar-battery electricity systems at current technology costs by filling
seasonal and multi-year storage functional roles. Innovation in long-term storage
technology could further improve the affordability of reliable renewable
electricity.

Jacqueline A. Dowling,

Katherine Z. Rinaldi, Tyler H.

Ruggles, ..., Fan Tong, Nathan

S. Lewis, Ken Caldeira

jdowling@caltech.edu (J.A.D.)

nslewis@caltech.edu (N.S.L.)

kcaldeira@carnegiescience.edu (K.C.)

HIGHLIGHTS
Long-duration storage (>10 h)
reduces costs of wind-solar-
battery systems

Long-term wind and solar dataset
captures seasonal and multi-year
storage roles

Dependence on long-duration
storage increases with
optimizations over more years

Long-duration storage cost
reductions lower system costs 23
more than batteries

Dowling et al., Joule 4, 1907–1928

September 16, 2020 ª 2020 Elsevier Inc.

https://doi.org/10.1016/j.joule.2020.07.007
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Wind and solar constraints guide energy storage opportunities

Repurpose 
Infrastructure for 
Decarbonization
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Long-Duration 
Energy Storage 
Opportunities

Long-Duration Energy Storage
• Geologic Hydrogen Storage

Long-duration energy storage reduces the cost of reliable wind-
solar-battery systems by filling seasonal and multi-year storage 

functional roles.

• Energy Storage Portfolios
Long-duration energy storage may also satisfy short-term 

storage needs.

• Competition with Natural Gas
Geologic hydrogen storage competes with natural gas in deep 

decarbonization scenarios due to its low energy capacity costs.

Long-duration 
storage: 

• can reduce costs of 
wind-solar-battery
systems at current 
technology costs

• fills seasonal and 
multi-year storage 
functional roles

• could further 
reduce system 
costs with future 
cost improvements

Figure 2: Base case dispatch schedule. Electricity sources to the grid (positive values) and
electricity sinks from the grid (negative values) are balanced at each hour of 2018. (a) Annual
results with 5-day averaging; (b) 5-day period with maximum battery discharge (starting at 07:00PM
CST); (c) 5-day period with maximum LDS discharge (starting at 05:00PM CST). The black area
represents end-use demand (as does the black line). At each hour, generation from wind and solar
plus dispatch from LDS and battery storage is balanced by end-use demand and charging of LDS
and battery storage. LDS primarily provides inter-season storage whereas batteries provide intra-day
storage.

4 Results171

4.1 Long-duration storage meets summertime demand and coexists with172

batteries173

Figure 2 presents dispatch curves for 2018 of the least-cost system, assuming current costs (Ta-174

ble 1). Electricity sources in Figure 2 include both the generation technologies (wind and solar)175

and discharge of storage technologies (batteries and LDS) to the grid. Electricity sinks include both176

end-use demand and charging of storage technologies. Sources and sinks are balanced each hour177

(so that maximum positive values for any hour in Figure 2 mirror the most negative values in the178

corresponding hour). LDS (pink) and batteries (purple) are both present.179

The annual view of dispatch in this base case (Figure 2a, smoothed with a 5-day moving average)180

shows that when wind resources (blue) decrease during the summer months, the combined generation181

from wind and solar power are not sufficient to meet demand. A substantial amount of LDS (pink) is182

thus discharged to meet a substantial portion of demand during this low-resource period. In contrast183

to this large and seasonal discharge of LDS, batteries (purple) are routinely charged and discharged184

in small amounts throughout the year (Figure 2a). Curtailment is calculated in the model but not185

displayed in Figure 2. In the base case, wind and solar capacities are 2.5x and 1x average demand186

with average capacity factors of 0.36 and 0.27, respectively. VRE curtailment is on average 9% of187

VRE generation (i.e. 3% of VRE capacity).188

Figures 2b and 2c show daily dispatch dynamics for the 5-day periods with the greatest battery189

6

Long-duration 
storage

Dowling et al., Joule, 2020.
Dowling et al., EREN, 2024.

Dowling et al., ACS Appl Eng 
Mat., 2024.

Conclusions:

Li*, Virgüez*, Dowling* et al., 
ES&T, 2024. 58



Long-Duration 
Energy Storage 
Opportunities

Constraints and Innovation
• Underground Storage Constraints

Half of the active natural gas storage sites in the U.S. could 

beneficially be repurposed for national-scale seasonal energy storage.

• High- and Low-Value Innovation
Due to curtailment, innovation in hydrogen storage system capital cost 

is more valuable than efficiency innovation for energy storage 
applications in wind and solar-based electricity systems.

• Shift in Materials Chemistry Focus
Explicitly targeted a lower-efficiency but more earth-abundant 
catalyst guided by system-level analysis.

Long-duration 
storage: 

• can reduce costs of 
wind-solar-battery
systems at current 
technology costs

• fills seasonal and 
multi-year storage 
functional roles

• could further 
reduce system 
costs with future 
cost improvements

Figure 2: Base case dispatch schedule. Electricity sources to the grid (positive values) and
electricity sinks from the grid (negative values) are balanced at each hour of 2018. (a) Annual
results with 5-day averaging; (b) 5-day period with maximum battery discharge (starting at 07:00PM
CST); (c) 5-day period with maximum LDS discharge (starting at 05:00PM CST). The black area
represents end-use demand (as does the black line). At each hour, generation from wind and solar
plus dispatch from LDS and battery storage is balanced by end-use demand and charging of LDS
and battery storage. LDS primarily provides inter-season storage whereas batteries provide intra-day
storage.
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end-use demand and charging of storage technologies. Sources and sinks are balanced each hour177

(so that maximum positive values for any hour in Figure 2 mirror the most negative values in the178

corresponding hour). LDS (pink) and batteries (purple) are both present.179

The annual view of dispatch in this base case (Figure 2a, smoothed with a 5-day moving average)180

shows that when wind resources (blue) decrease during the summer months, the combined generation181

from wind and solar power are not sufficient to meet demand. A substantial amount of LDS (pink) is182

thus discharged to meet a substantial portion of demand during this low-resource period. In contrast183

to this large and seasonal discharge of LDS, batteries (purple) are routinely charged and discharged184

in small amounts throughout the year (Figure 2a). Curtailment is calculated in the model but not185
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Mat., 2024.

Conclusions:
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Interdisciplinary Approach to Energy Storage PhD

1. Analyze resource 
constraints

2. Guide technology 
innovation

Physical 
constraints

Technology    
Innovation

60

3.  Target decarbonization 
solutions

Energy storage 
innovation

Macro-
energy 

systems Electrochemistry

Load-following 
electricity

Decarb. 
Solutions

Wind and solar 
constraints

Climate Science



Interdisciplinary Approach to Clean Heat Postdoc

1. Analyze resource 
constraints

2. Guide technology 
innovation

Physical 
constraints

Technology    
Innovation
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3.  Target decarbonization 
solutions

Temperature 
constraints

Net-zero 
emissions heat

Heat pump 
innovation

Decarb. 
Solutions

Steve Davis

Data 
analysisEarth System 

Science

Adam Brandt
Inês Azevedo

Energy Science 
& Engineering



Net-zero emissions heat

Davis et al., Net-Zero Emissions Energy Systems. Science, 2018.
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Net-zero 
emissions 

heat

Current 
work What does it cost to 

decarbonize U.S. heat 
demand in buildings 

and industry?

IndustryBuildings

Span industrial, 
commercial, and 

residential sectors

40% of global & 
U.S. emissions

Dimitri 
Saad

Today’s 
focus



Specific heat demands may be difficult-to-decarbonize

63Buildings

Electricity distribution upgrades pose 
challenges for decarbonizing building space-
heating in cold climates via heat pumps.

Article

Electricity Load Implications of Space Heating
Decarbonization Pathways

We model building space heating electrification across the United States,
computing a potential 70% increase in nationwide electricity delivery capacity with
very low capacity factors. Without increasing peak electric loads, fossil fuels can be
reduced to 43% of total heating energy using current heat pump technology and
23% with future advances. Dual source systems with heat pumps and some fossil
fuel equipment retained for the coldest weather could reduce fossil fuels to 1%–3%
of heating energy without electricity capacity upgrades.

Michael Waite, Vijay Modi

mbw2113@columbia.edu

HIGHLIGHTS
53% of U.S. space heating energy
can be electric without exceeding
current peak loads

Electrification increases
aggregated peak loads by 70%,
more than double in 23 states

Targeted heat pump advances
mitigate load issues, but
challenging regions remain

Some fossil fuel backup supports
97% heating electrification
without new peak loads

Waite & Modi, Joule 4, 376–394

February 19, 2020 ª 2019 Elsevier Inc.

https://doi.org/10.1016/j.joule.2019.11.011

Waite & Modi, Electricity Load Implications of Space Heating Decarbonization Pathways. Joule, 2020.

Electric heat

Fraction of space heating energy from fossil fuels

Article

Electricity Load Implications of Space Heating
Decarbonization Pathways

We model building space heating electrification across the United States,
computing a potential 70% increase in nationwide electricity delivery capacity with
very low capacity factors. Without increasing peak electric loads, fossil fuels can be
reduced to 43% of total heating energy using current heat pump technology and
23% with future advances. Dual source systems with heat pumps and some fossil
fuel equipment retained for the coldest weather could reduce fossil fuels to 1%–3%
of heating energy without electricity capacity upgrades.

Michael Waite, Vijay Modi

mbw2113@columbia.edu

HIGHLIGHTS
53% of U.S. space heating energy
can be electric without exceeding
current peak loads

Electrification increases
aggregated peak loads by 70%,
more than double in 23 states

Targeted heat pump advances
mitigate load issues, but
challenging regions remain

Some fossil fuel backup supports
97% heating electrification
without new peak loads

Waite & Modi, Joule 4, 376–394

February 19, 2020 ª 2019 Elsevier Inc.

https://doi.org/10.1016/j.joule.2019.11.011

Electric heat

Add heat 
pumps, but 

no new 
electricity 

distribution

Fraction of space heating energy  from fossil fuels

Dataset: Census-tract 
level, hourly temperature-
derived building heat 
demand over 10 years. 
(Waite & Modi)

Fossil heatFossil heat

Knowledge Gap: No cost estimation.



Key Questions

64

What does it cost to decarbonize heat U.S. 
heat demand in buildings and industry?

• What are the key cost drivers?

• Are there key thresholds in cumulative 
abatement costs?

• What are the key sensitivities?

Net-zero emission heat

Data analysis of difficult-to-decarbonize heat 
demands to guide technology innovation priorities



Primary Tool: Abatement Cost Equation

65

𝐴𝑏𝑎𝑡𝑒𝑚𝑒𝑛𝑡	𝐶𝑜𝑠𝑡 =
𝐶𝑜𝑠𝑡!"# − 𝐶𝑜𝑠𝑡$%&

𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠$%& − 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠!"#

Negative (-) 
abatement costs 
identify locations 
where heat pump 
electrification saves 
money. 

Large positive (+) 
abatement costs 
identify difficult-to-
decarbonize heat 
demands guiding 
innovation priorities.

Considers a technology 
replacement cost and 

emissions change
Buildings in a 
census tract

Fossil 
heat

Heat 
pump



Cost and Emissions Assumptions

66

Building
Abatement

Cost =

Heat pump and 
distribution CapEx 
and Electricity OpEx

Fuel OpEx of 
existing building 
heating fossil fuel

Emissions of
existing building 
heating fossil fuel

Emissions of 
heat pumps with 
clean electricity

Fuel oil

Propane

Coal

Heat pump

Distribution 
upgrade

Clean 
Electricity

Natural Gas
Census tract

Census 
tract fossil 
fuel mix Price

Natural gas 14.83 $/ MMBtu

Propane 29.16 $/ MMBtu
Fuel oil, 
kerosene 27.65 $/ MMBtu

Coal 5.12 $/ MMBtu
Utility-specific distribution 
upgrade costs (FERC, EIA)

Census tract 
fossil fuel mix Emissions

Natural gas 0.058 tCO2/MMBtu

Propane 0.069 tCO2/MMBtu

Fuel oil, kerosene 0.082 tCO2/MMBtu

Coal 0.106 tCO2/MMBtu

Assume electricity 
emissions intensity: 
0 tCO2/kWh

Residential heat pump CapEx 
cost from PyPSA: $1225/kW

2023 State-level retail 
electricity prices (EIA)



Temperature data constrains heat pump efficiency
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• We assume performance of the top 90% 
best heat pumps currently commercially 
available (Green line).

• Linear approximation:

• Average heat pump efficiency weighted 
by new electricity load is 4.

𝐻𝑒𝑎𝑡	𝑃𝑢𝑚𝑝	𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 0.111 ∗ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 + 4.0

• In very cold weather 
below -27 ℃, heat 
pump efficiency = 1.

• Target indoor temperature 
is 18 ℃, or 65 °F .

Waite & Modi, Joule, 2020.



Heat pump electrification reduces total energy demand for heat
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𝑁𝑒𝑤	𝐻𝑒𝑎𝑡	𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑘𝑊ℎ! =
𝐹𝑜𝑠𝑠𝑖𝑙	𝐻𝑒𝑎𝑡	𝐷𝑒𝑚𝑎𝑛𝑑 𝑘𝑊ℎ"#

𝐻𝑒𝑎𝑡	𝑃𝑢𝑚𝑝	𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦	[𝑘𝑊ℎ"#𝑘𝑊ℎ!
]

• Total energy demand for heat is lower because 
heat pumps are more efficient than fossil fuels.

• Average heat pump 
efficiency weighted by 
new electricity load is 4.



However, heat pump electrification can increase peak load
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• Heat electrification 
increases peak load 
massively in an 
example CO census 
tract in 2017.

• Hourly peak 
difference due to 
heat electrification 
determines 
distribution upgrade 
need.



Distribution upgrade prices are expensive and have been rising
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To estimate utility-specific distribution 
upgrade prices ($/kW):

• Match year-over-year CapEx additions 
from FERC Form 1 ($) with peak 
demand from EIA-861 as a proxy for 
distribution capacity (kW). 

Distribution upgrade prices are rising faster 
than inflation. These prices include poles, 
wires, undergrounding, & transformers.

Knowledge Gap: Heat pump 
electrification studies rarely include 
distribution upgrade costs, and potential 
distribution investment needs haven’t 
yet been estimated nationwide at the 
census tract level.

Check out recent Shift Key Podcast on this topic.



Initial Results: Electrification of Fossil Heat in Buildings
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𝐴𝑏𝑎𝑡𝑒𝑚𝑒𝑛𝑡	𝐶𝑜𝑠t	 = '$()!"#$%	*'$()'())*"
+,$-&"&	/0-((-$!('())*"

Numerator

Denominator

Abatement Cost

• Many census tracts across the 
U.S. can electrify building heating 
at a profit (blue tracts) or cost-
neutrally (white tracts)!

• Carbon abatement costs for building 
heat electrification are highest (red 
tracts) in the Mountain West division, 
where distribution investments are 
greatest.

• Abatement costs, weighted by 
emissions avoided, average 
$230/tCO2 at the census tract level, 
just above the social cost of carbon 
($212/tCO2), but range from          
-$286/tCO2 to over $3500/tCO2.



Distribution Investments:
Normalizing by emissions changes the picture
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Price ($/kW) Upgrade Need (kW)

Investment ($/tCO2)Upgrade Need (kW/tCO2)

Investment ($)

Price ($/kW/tCO2)
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Drivers: Electrification of Fossil Heat in Buildings

Distribution 
investment 
per unit of 
emissions 
avoided is the 
primary driver 
for high 
abatement 
cost states.

𝐴𝑏𝑎𝑡𝑒𝑚𝑒𝑛𝑡	𝐶𝑜𝑠t	 = '$()!"#$%	*'$()'())*"
+,$-&"&	/0-((-$!('())*"
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Drivers: Electrification of Fossil Heat in Buildings

• Counties with low abatement costs 
also tend to have low spark spreads.

𝑆𝑝𝑎𝑟𝑘	𝑆𝑝𝑟𝑒𝑎𝑑 =
𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦	𝑃𝑟𝑖𝑐𝑒

𝐹𝑢𝑒𝑙	𝑃𝑟𝑖𝑐𝑒	 ∗ 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦



Emissions-Weighted Abatement Costs
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𝐴𝑏𝑎𝑡𝑒𝑚𝑒𝑛𝑡	𝐶𝑜𝑠t	 = '$()!"#$%*'$()'())*"

+,$-&"&	/0-((-$!('())*"

McKinsey Carbon Abatement Cost Curve

• Heat pump electrification in AZ and WA would 
save money!

• Emissions-weighted average abatement cost by 
census tract is $230/tCO2.

Easier 
to abate

Harder 
to Abate

Easier to abate

Harder 
to Abate

• Although MT, CO, WY have very 
high abatement costs, those states 
doesn’t represent very many 
emissions.

• Targeting NY, PA, CA would avoid 
more emissions at lower cost.

Profitable 
to abate



Thresholds in Cumulative Emissions Avoided
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• For only 50% of the cost 
avoid 60% of the emissions! 
Buy now! J

• Absolute values for 
a sense of scale



Success scenario: Abatement costs guide actions
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Abatement 
costs guide 

actions

Success 
scenario:

Negative (-) 
abatement costs 
identify locations 
where heat pump 
electrification saves 
money. 

Large positive (+) 
abatement costs 
identify difficult-to-
decarbonize heat 
demands guiding 
innovation priorities.

Where should heat 
pumps or other clean 
heat technology be 

deployed now?

What clean heat tech 
innovations could 
decarbonize which 

heat demands?

Guide clean heat 
tech innovation

CapEx, OpEx, 
efficiency

Industrial facilities 
& census tracts

Deploy clean heat 
technology

*Future work: 
sensitivity studies



Weather data guides technology opportunities for 
decarbonization solutions
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Wind and solar 
data to guide 

energy storage 
opportunities

Temperature 
data to guide 

heat pump 
opportunities

Past Work

Heat pump

Energy Storage

Temperature 
Data

Wind & Solar 
Data

Current Work

Load-
following 
electricity

Solutions
Net-zero 

emissions 
heat

Physical 
constraints

Solutions

Technology 
innovation

Decarb. 
Solutions



Solving the Clean Energy Challenge

Guide Technology
Innovation

Analyze 
Resource 

Constraints

Target 
Decarbonization 

Solutions

Coordinate fossil 
phase-down and 

infrastructure 
transitions

Critical 
materials

Subsurface 
constraints

Energy storage for 
load-following 

electricity

Clean heat for 
residential & 

industrial demand

Wind, solar, & hydro 
droughts E.g. Coal to 

thermal energy 
storage. Gas to 

hydrogen storage.

Reliable energy 
transitions given wind 

and solar droughts

Macro-energy systems 
to guide clean-tech 

innovation

Repurpose fossil 
infrastructure for 

decarbonization solutions

Water for Energy 
constraints



Clean Energy
Systems Research

Jacqueline A. Dowling
Postdoctoral Energy Fellow

Stanford University

Thank you for listening!

Analyze resource constraints. Guide technology innovation. Target decarbonization solutions. 80



Guide Technology
Innovation

Analyze 
Resource 

Constraints

Article

Role of Long-Duration Energy Storage in
Variable Renewable Electricity Systems

Laws in several U.S. states mandate zero-carbon electricity systems based
primarily on renewable technologies, such as wind and solar. Long-term, large-
capacity energy storage, such as those that might be provided by power-to-gas-
to-power systems, may improve reliability and affordability of systems based on
variable non-dispatchable generation. Long-term storage can reduce costs of
wind-solar-battery electricity systems at current technology costs by filling
seasonal and multi-year storage functional roles. Innovation in long-term storage
technology could further improve the affordability of reliable renewable
electricity.

Jacqueline A. Dowling,

Katherine Z. Rinaldi, Tyler H.

Ruggles, ..., Fan Tong, Nathan

S. Lewis, Ken Caldeira

jdowling@caltech.edu (J.A.D.)

nslewis@caltech.edu (N.S.L.)

kcaldeira@carnegiescience.edu (K.C.)

HIGHLIGHTS
Long-duration storage (>10 h)
reduces costs of wind-solar-
battery systems

Long-term wind and solar dataset
captures seasonal and multi-year
storage roles

Dependence on long-duration
storage increases with
optimizations over more years

Long-duration storage cost
reductions lower system costs 23
more than batteries

Dowling et al., Joule 4, 1907–1928

September 16, 2020 ª 2020 Elsevier Inc.

https://doi.org/10.1016/j.joule.2020.07.007

ll

El
ec

tri
ci

ty
 s

ou
rc

es
 a

nd
 s

in
ks

 (k
W

)

Wind and solar constraints guide energy storage opportunities

Target 
Decarbonization 

Solutions
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Super helpful book that 
levels the playing field. I 
found it especially helpful 
for interview prep.

Job market prep that helped me:

• Write papers you are excited about and 
present them at conferences!

• Coordinated with friends to gather job ads 
and deadlines in a google spreadsheet.

• Read example successful faculty 
application packages from friends. 

• Went to workshops. Most useful tip for 
me: Organize your past and future 
research program into verb-driven 
thrusts. This made everything so much 
more concise.


